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Abstract

“~"A photon budget based on the quanta absorbed and subsequent biological utilization is computed
for a site in the northwestern Sargasso Sea in spring. The budget includes sources, transitions, and
sinks for photosynthetically available radiation (PAR). The attentuation of PAR is partitioned into
separate components and the loss caused by each component is estimated as a function of depth
in the upper 100 m. The major sources of attenuation to PAR include seawater (35-76%). totai
particulate material (20-65%), and dissolved organic material (0~13%). The total particulate ma-
terial attentuation could be partitioned into attenuation of phytoplankton (12-39%) and of detritai
material (8-27%). Although the greatest fraction of photons is absorbed by water, all the variability
within the budget is caused by biological processes. Source terms include bioluminescence and
chlorophyll a fluorescence, which are orders of magnitude less than radiant energy attenuation,
but they are detectable and biologically significant. This photon budget is an estimate, on a quantum
basis, of how radiant energy is absorbed and how various fractions are converted to chemical
energy or lost to nonphotosynthetic processes. The budget serves to focus on sources, transitions,
and sinks of photons and elucidate the mechanisms linking biological processes and ocean optical
properties; to identify the major absorbers in the ocean and quantify their relative influence; to
demonstrate an accounting with respect 1o the penetration of radiant energy into natural waters
and point to major assumplions and uncertainties in our current estimate; and to establish a
perspective that can serve as a basis for the predictive linkage of optical variability and biolu-
minescence.
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behavior and has direct influence on ther-
mal structurc in the upper ocean. In this
work we present a budget for in-water ra-
diant encrgy [for photosynthetically avail-
able radiation (PAR), 400-700 nm)] for the
water column to focus on important sources
and sinks of radiant energy and the inter-
relations between biological processes and
ocean optical properties, quantify the rela-
tive influence of major absorbers and scat-
terers, demonstrate an accounting of the
penetration of radiant energy into natural
waters, outline the major assumptions and
uncertainties in this estimate, and identify
important biological and environmental
variables as well as their associated errors
and uncertainties. The data used here are
from Biowatt station 19 at 35°N, 70°W. The
station was occupied in April 1985 Back-
ground information on the Biowatt program
can be found elsewhere (Marra and Hartwig
1984).

The utilization of solar radiation by phy-
toplankton has been discussed frecquently
and summarized by Talling (1982) and Kirk
(1983). From this early work it is known
that the proportion of absorbed PAR cap-
tured by phytoplankton is highly variable,
ranging from a few percent in oligotrophic
lakes and open ocean areas to as high as 20—
40% in highly productive lakes and ocean
coastal waters. It is also known that the pat-
terns of photosynthetic utilization are a
complex function of biological processes and
optical properties which vary in space and
time. The multidisciplinary work reported
here is distinguished by detailed spectral ir-
radiance data as a function of depth and
time, complete pigment information using
high performance liquid chromatographic
(HPLCQ) analysis, spectral absorption mea-
surements for particulate and detrital
matcrial, relatively “clean™ in situ '4C
assimilation experiments to estimate phy-
toplankton productivity, contemporaneous
information on bioluminescent organisms,
and full spectral computation for all major
parameters in the budget. We estimate the
sinks and the sources of photons (400-700
nm) as a function of depth (generally to 100
m). We chose the total diffuse attenuation
coefficient for downward irradiance, Kz,
A) to characterize the bio-optical state of

Smith et al.

occan water (Smith and Baker 1978 Baker
and Smith 1982). Our main rcason for this
choice is that Kz, A) is the property directly
derivable from spectral irradiance measure-
ments and the property, when known, that
allows the spectral irradiance at depth, E Az,
A), to be calculated from the mecasurcment
of spectral irradiance just below the air-
water interface, £ (0 , A). Even when the
inherent optical properties of absorption,
a(z. A\). and scattering, b(z, A). for a water
column are fully known, the apparent op-
tical property Kz, A\) must be derived in
order to compute the attenuation of radiant
energy as a function of depth.

For the photon budget. we make use of
the guasi-inherent optical propertics of the
attenuation coefficient (Hajerslev 1974;
Smith and Raker 1978: Kirk 1983) that can
be partitioned into separate components.
Total incoming photons are partitioned first
into those photons attenuated by water. par-
ticulate material, and dissolved organic
matter. For these clear ocean waters it is
assumed that the absorption due to inor-
ganic particles is negligible. Those photons
not converted by photochemical processes.
such as the attenuation by water, are lost to
heat. The subset of photons attenuated by
particles is further partitioned into photons
used photochemically (to reduce carbon for
energy storage in organic matter) and those
lost by detrital absorption. These compu-
tations are relatively precise. For complete-
ness in assessing the biological contribu-
tions to optical variability. we also make
simple estimates of biologically linked pho-
tons that are emitted as fluorescence or bio-
fuminescence. Other sources of transpectral
scattering (e.g. Raman and Brillouin scat-
tering) are ignored. Fluorescence, linked to
biological processes through the opening and
closing of reaction centers, occurs on a time
scale appropriate to the electron transport
through the photosystem. Bioluminescence
is a biologically controlled process, modi-
fied to some degree by external stimulation,
which occurs on time scales that are less
appropriate for a strict photon accounting.
We include a discussion of bioluminescence
in order to account for biological processes
that may influence the external light field
and to search for possible predictive link-
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Advanced high resolution radiometer (AVHRR) image of sea surface temperature (SST) from 22

April 1985. Dark regions correspond to regions of cooler SST. The ship track and station locations arc shown.

ages between optical variability and biolu-
minescence. Thus, the photon budget is an
assessment—on a quantum basis—of how
radiant energy is absorbed, of the fraction
converted into chemical ¢nergy, and of the
fraction associated with the biological emis-
sion of photons. The goal is a quantum-
based photon budget (rather than an energy
budget) based on absorption and subse-
quent biological utilization or re-emission
of quanta and improving our understanding
of the biological relationships that produce
a specific set of optical conditions.

Methods

General — The Biowatt I cruise took place
2-28 April 1985 aboard RV Knorr and con-
sisted of a transect to 35°N, 70°W where a
5-d time-series station was taken (station 4),
a north-south transect from 35° to 24°N
(stations 4-10) including a 4-d time scries
at the southernmost station, transect back
south to north (stations 11 through 18), and
reoccupation of the northernmost transect
station (station 19) for a repeat time series
(Fig. 1). For station 19 the ship was sta-
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a location east of the Gulf Stream and about
half way between Cape Hatteras and Ber-
muda.

Shipboard observations and satellite im-
agery from the time of the cruise indicate
that the first occupation of 35°N, 70°W (sta-
tion 4) was during a diatom bloom and that
the subsequent occupation (station 19) was
characterized by a postbloom phytoplank-
ton community (Bidigare et al. 1989). Siegel
et al. (in prep.) have shown that the evo-
lution of the subtropical mode (18°C) water
mass is the primary factor controlling the
spatial distribution and temporal evolution
of the phytoplankton community and hence
optical properties in the northern Sargasso
Sca (31°-35°N). They hypothesize that the
springtime near-surface restratification ini-
tiates a diatom-dominated phytoplankton
bloom. As the diatom bloom decays, it is
succeeded by other algal classes character-
ized by relatively lower pigment and smaller
particle volume concentrations and sizes. In
particular, the phytoplankton assemblage
for this photon budget was postdiatom
bloom and comprised of small cells (5 um
and less) with a high cyanobacterial fraction
(Iturriaga and Marra 1988). Thus, the work
reported here may be representative of sum-
mer central gyre areas of the open oceans.

The data collected during a 3-d period
(20-22 April 1985) were chosen for this
photon budget because of the relative hy-
drographic stability shown by time-series
data. Given the wide variety of measure-
ments involved, not all parameters could be
observed simultaneously. The data on par-
ticles and production were collected from
casts taken at dawn on 22 April (station-
cast 19.50), but submarine irradiance was
measured throughout the day (station-casts
19.49-19.58) with 19.51 being made <1 h
after 19.50. Bioluminescence observations
measured at night on 20-21 April are used
in constructing a budget for 22 April.

Shipboard measurements—Water sam-
p'es were taken and hydrographic measure-
ments were periorincd with a conductivity-
temperature-depth (CTD) profiler having a
12-bottle rosette equipped with 8-liter
Niskin bottlers and with the bio-optical pro-
filing system (BOPS) (Smith et al. 1984)

Smith et al.

havinga 10-bottle rosette equipped with 1.7-
liter Niskin bottles. The CTD and BOV'S
included sensors to determine depth, tem-
perature, and conductivity along with in situ
fluorcscence using a Sea Martec and a Q-In-
strument, respectively. Continuous optical
profiles were made using BOPS —an instru-
ment package with an above-water deck unit
mecasuring downwelling spectral irradiance
and an underwater unit with upward- and
downward-looking spectral irradiance units
as well as a beam transmissometcr measur-
ing at 665 nm (Bartz et al. 1978). Wind-
speed and total downwelling irradiance
(285-2,800 nm) were recorded at 1-min in-
tervals from atop the forward superstruc-
ture of the ship.

Chlorophyll a and pheopigments were
routinely determined by the method of
Smithetal. (198!) witha Turner model 111
fluorometer calibrated spectrophotometri-
cally (Jeffrey and Humphrey 1975) with pure
Chl a (Sigma Chemical Co.). High perfor-
mance liquid chromatographic (HPLC) pig-
ment analyses were performed as detailed
by Bidigare et al. (1989). Particulate ab-
sorption measurements were made follow-
ing the procedure of Mitchell and Kiefer
(1988) and provided a measure of the spec-
tral absorption caused by living and non-
living particles. For estimation of quantum
yield, the phytoplankton component was re-
solved with an end-member reconstruction
technique based on the absorption spectra
of pure phytoplankton (Cleveland et al.
1989). Particuiate organic carbon and ni-
trogen were determined with a Perkin-El-
mer 240D elemental analyzer using [-liter
samples that had been filtered onto precom-
busted Whatman GF/F filtcrs.

Primary production was determined with
the “C technique. All '*C assimilation ex-
periments were incubated in situ. As much
care as possible was taken to avoid contam-
ination of the samples during sampling and
incubation, although a completely clean
protocol (Fitzwater et al. 1982) could not
be attai%tzd. Samples were incubated in
clean, 25M-ml nolycarbonate bottles. The '*C
stock was cleansed of trace metals and kept
in a Teflon bottle. Samples were filtered onto
Millipore HA filters, treated with weak HCV
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and counted by liquid scintillation specc-
troscopy. Details of the method and the P-/
incubators can be found elsewhere (Talbot
et al. 1985). Quantum yield was calculated
from the light-limited slope of the P-7 curve
and the particulate absorption coefficients
that were corrected for detritus.

Bioluminescence measurements—Verti-
cally stratified zooplankton samples were
collected with a multiple opening/closing net
cnvironmental sensing system (MOCNESS)
with a 1-m? opening, and nets with 153-um
mesh (Wicbe et al. 1976, 1985). This net
system allows for the collection of nine se-
quential zooplankton samplcs along with
concurrent cnvironmental information
(depth, temperature, conductivity) and
sampling data (flow counts, net angle). The
first net sampled from the surface to a depth
of 800 m. The remaining eight nets werc
tripped at depths of 800, 600, 500, 400, 300,
200, 100, and 50 m. Each net filtered from
250 to 700 m? of seawater. For station 4,
the cod-end bucket had meshes of 250 um;
at stations 10 and 19, the buckets had 153-
um mesh, which matched the mesh of the
nets. Samples were preserved in 4% (buff-
ered) Formalin.

The biomass of the zooplankton samples
was estimated by measuring displacement
volumes after first removing large gelati-
nous zooplankton and fish (Beers 1976). The
abundances of major groups of biolumines-
cent organisms (fish, decapods, polychactes,
copepods, ostracods, larvaceans, and cu-
phausiids) were estimated by counting ali-
quots taken from the MOCNESS samples.
The numbers include several develop-
mental stages for each group. The copepod
numbers include adults and all copepodite
stages, and the euphausiid numbers include
adults and all furcilia stages. The copepod
numbers include only species of Pleuro-
mamma, Lucicutia, and Heterorhabdis, all
known to be bioluminescent (Herring 1978).
Almost all euphausiid species are capable
of bioluminescence. For all other groups to-
tal numbers are reported.

Stimulated hinhimineccence —Stimy'able
bioluminescence was measured with a
bathyphotometer (Swift et al. 1985) at 10-
or 20-m depth intervals for 5 min at each

depth. At the sampled depths, water was
pumped through the bathyphotometer sam-
pling chamber at a rate of 15§ liters min ',
There was a 1 5-cm spacer between the pho-
tomultiplier tube and the sampling chamber
where the organisms were stimulated. The
spacer makes the intensity of biolumincs-
cence less dependent on the positions of the
organisms passing through the chamber.
The optical efficicncy of the bathypho-
tometer was determined before and after the
cruisc as described by Swift et al. (1985)
with cultures of the dinoflagellate Pyrocystis
lunula to fill the detection chamber. At sca,
the efficiency of the bathyphotometer for
mcasuring total stimulable biolumines-
cence was determined using Pyrocystis noc-
tiluca. The at-sea efficiency agreed to within
10% of the laboratory value. The biolu-
minescence potential per unit volumc of the
water was estimated following the assump-
tions outlined by Swift et al. (1985).
Irradiance calculations—The data from
the bio-optical profiling system were used
to obtain estimatcs of quanta at depth
throughout the day. The reduction of op-
tical data collected by BOPS has been de-
scribed by Smith and Baker (1984, 1986)
and Siegel et al. (in prep.). It is necessary to
extrapolate from a limited number of BOPS
casts during the day to the entire daylight
period, while knowing the abovc-water total
irradiance that was measured continuously.
This is an important calculation to attend
to in detail since both above-water and sub-
marine irradiances change dramatically over
a time scale of hours. We emphasizc that
although the final discussions are in terms
of broadband PAR irradiance, all compu-
tations have been carried out as a function
of depth and wavclength so that full spectral
variability as a function of depth and time
have been retained. In addition, we clearly
distinguish between PAR irradiance given
in energy units, E,x(W m 2), and PAR
quantum irradiance, E pap(quantam *s '),
The downwelling spectral irradiance data
for each BOPS cast, E (z. A), were corrected
for atmospheric variability using nn-deck
spectral irradiance data, smoothed to elim-
inate fluctuations caused by surface wave
action (Smith and Baker 1984), and cor-
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Significant symbols

v Initial slope of #-7 curve, mg C
(mg Chl @) ' h ' (umoles photons
m s Y

a(z, ) Volume absorption cocfficient, m !

aMz N Diffusc absorption cocthcient tor down-
welling irradiance, m !

a,.{A). Absorption coctlicient due to detrital
ay(A). and particulate material and to phy-
a,dA) toplankton, m !

a,'(2) Absorption cocflicient due to particu-
late matter weighted by spectral irra-
diance at cach depth, m !

Kz ) Volume scattering cocflicient, m !

btz ). Diffusc backscattering cocefhicient for
bz A) downwelling and upwelling irradi-

ance, m !

b M2) Diffuse backscattering coeflicient for
downwelling irradiance due to partii-
cles, m !

Bi(z) Bioluminescence, photons m *s !

dP/dv Radiant PAR absorbed per unit vol-
ume, quantam ‘s !

E Az M), Downwelling and upwelling spectral ir-

Efz. N radiance at depth, Wm 2 nm !

Epoar(2) Photosyntheticaily available radiation
(400-700 nm), energy units, W m ?

Eparl2) Photosynthetically available radiation
(400-700 nm), quantum units, quan-
tam“?s'

Eo(2) Total irradiance (285-2,.800 nm), W
m 2

Fi(2) Fluorescence, photons m *s !

A P-1 saturation parameter, umoles pho-
tons m ‘s !

KAz \) Total diffuse attenuation cocfficient lor
downward irradiance, m !

K.z \), Difluse attenuation coeflicient for

Kz A) downward irradiance due to detrital
KAz N) and particulate material and to phy-
toplankton, m '

Kopar Totai diffuse attenuation cocfficient for
PAR (400-700 nm), m '

K.z, A), Diffuse attenuation cocthicient for

Kz, N) downward irradiance duc to clear
scawater and to dissolved organic
matter, m !

P Photosynthesis, mg C (mg Chla) ' h '

PSR. Photosynthetically stored or used radia-
PUR tion, moles photons m *d !

R(z, N) Irradiance ratio (- /1)

iz A) Average cosine for downwelling irradi-
ance

z Depth, m

A Wavclength, nm

rected fur presence of the ship (Smith and
Baker 1986). The spectral attentuation coef-
ficients for a particular cast are determined
from

Smith et al.

1 EfLz,.N)
KLz, N) = - x In—* 1
: Sy S Efz:0 N) )
where z = (2, + z;)/2 (units given in list of

symbols).

Continuous estimates of above-water ir-
radiance K,,(0') (285-2,800 nm) were ob-
tained with an Eppley pyranomecter. These
continuous data were divided into 1-h pe-
riods consistent with the vertical profiling
sampling period. Photosynthetically avail-
ablc radiation, Fpag(0'), was calculated from
the pyranometer data using (Baker and
Frouin 1987)

Epan(0'. 1) = 0.53 x E (0. 1) (2)

where 1 represents an hourly average. The
factor 0.53 in Eq. 2 is accurate to within 3%
for sun zenith angles <70° Since the con-
tribution to total daily irradiance is small
at either sunrisc or sunset, the error intro-
duced by a constant factor between Fpag
and k., is insignificant for our purposes.
These above-surface broadband estimates
of Epay agreed well with periodic measure-
ments of (0, A), and integrated to give
E»ar. made with a spectroradiometer.

We used ££,(0'. A, noon) to give an csti-
mate of Fpar(0'. noon) through integration
over wavcelength. Since the spectral shape
remains relatively constant throughout the
day except near low sun angles, a continu-
ous estimate of above-water spectral irra-
diancc at any time of day, £40'. A. 1), can
be approximated by adopting a normali-
zation against noon,

EL0', N\, 1) = EL0', X\, noon)
Epar(0*, 1)

—_— 3
E.ar(0*, noon). ()

Although there is a measurable spectral shift
ncar low sun angles, the contribution to dai-
ly E par at this time of day is small. 40",
A, 1) is propagatcd through the air-water in-
terface to give the irradiance just below the
surface, E(0 , A, 1) (Smith and Baker 1986).
With EA0 , A, 1) and K[z, A), EAz, A, 1) is
calculated at designated time intcrvals.

Epar(z. 1)—PAR in terms of quanta—is
calculated from the downwelling spectral ir-
radiance

Egonalz 1) = Vhe x [ ELz, A, DA dM (4)
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where the wavelength interval is taken from
400-700 nm. Daily FE pax(c) is found
through integration over time.

Partial vertical attenuation coefficients —
Central to the budget is the concept that the
vertical attenuation coefficient for down-
ward irradiance can be partitioned into a set
of partial vertical attcnuation cocflicients,
cach corresponding to a diffcrent sct of dis-
solved and/or suspended constitucnts with-
in the medium. Preisendorfer (1061, 1976),
from radiative transfer theory, derived the
relationship between the diffuse attenuation
cocflicient, K Az, A), the diffuse absorption,
a,*(z. M), and the diffusc backscattering cocf-
ficient, b,*(z. N).

KAz N) = aXz N + bz N

— b Xz MRz N) (%)

where b,,,*(z, ) is the diffuse backscattering
cocflicient for the downwelling stream of
photons, b, *(z, A) the diffuse backscattering
cocflicient for the upwelling stream, and R(Z,
A) the irradiance reflectance. In this notation
an asterisk denotes an optical property de-
termined for a diffuse (c.g. a natural) light
ficld.

The above rclationship shows that the at-
tenuation of downward irradiance is the re-
sult of three processes represented by the
three terms on the right-hand side of Eq. S.
First, the diffusc absorption coefficient of
the downwelling stream,

ad*(z- A) = a(z, A)/‘T"{I(::' A) (6)

where a(z, A) is the volume absorption coef-
ficient as measured with collimated light and
iz, A) the average cosine for downwelling
irradiance; second, downwelling photons
rcmoved by upward scattering; and third,
an opposing process of downward-scattered
photons from the upwelling stream.

The reflectance at any depth, R(z, M), is
calculated from the ratio of upwelling to
downwelling irradiance, or

R(z, A) = E (2. \VEAz, N) 7N

where the subscripts « and d refer to up-
welling and downwelling irradiance. Kirk
(1981) showed that at low values of scat-
tering to absorption (up to #/a ratios of about
S, as is true for the open ocean) the atten-
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uation is almost entircly caused by absorp-
tion. In such cascs the attenuation can be
approximated:

KAz N) = a(z, Nadz. N) + b2z A).
(8)

Given this approximation along with the
knowledge that an inherent optical property
can be partitioned into components, it fol-
lows that the partitioning of the diffuse at-
tenuation coefficient of irradiance into sep-
arate components is a good approximation
for our work in the Sargasso Sea. The ap-
proximation becomes increasingly inaccu-
ratc as the ratio of scattering to absorption
becomes large.

Thus, in spite of its status as an apparant
optical property, the downwelling diffuse at-
tenuation coefficicnt for irradiance can be
partitioned into a set of partial vertical at-
tenuation cocfficients, each corresponding
to a different component of the medium.
The separate components of K4z, A) are
strictly linear functions of the concentra-
tions of the various components only for
small increments in concentrations (Kirk
1983). We make use of this approximation
to partition incoming photons,

KAz N = K2 N) + K2 N) + K2 A,
9

into thosc attenuated by water (K,), by par-
ticulate material (K,), and by dissolved or-
ganic matter (K,).

When appropriate integration over wave-
length is carried out,

KI’AR(:) = K’w(:) + K/r(:) + K\‘(:) (lo)

where the total diffuse attenuation coefli-
cient for PAR, K;.x(2). is computed from

1 x lnqu'AR(:lv )]

Egpar(za 1) )

Koar(z) = -

(1)

2T -

Results

Local environment —The days during the
period of our study were mostly sunny with
calm scas (Fig. 2). Photosynthctically avail-
able radiation averaged about 50 moles
photons m 2d ' during 20-22 April. Wind-
speed averaged 6-7 m s ' and showed an
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Fig. 2. Windspeed and surface irradiance for 20~
22 April 1985.

increasing trend through the time that sta-
tion 19 was occupied.

Figure 3 shows the primary features of
the water column characteristic of the time
period. A subsurface chlorophyll maximum
existed at 30-40 m, with a magnitude of
about 0.6 mg m . As in some other envi-
ronments (Herbland and Voituriez 1979;
Marra ct al. 1987), the chlorophyll maxi-
mum coincided with the depth of the ni-
tricline at 30-35 m. This structure is con-
sistent with postbloom conditions where the
stratified upper layer has been depleted of
nutrients by biological activity. That is, the
water-column characteristics suggest incip-
ient stratification and surface warming, con-
sistent with the data shown in Fig. 2, and
depletion of nutrients near the surface. The
depth of the euphotic zone (nominally de-
fined as the depth of 1% of surface PAR)
was at 70-80 m.

Absorption spectra— Absorption spectra
for particulate matter, a,(\), for cast 19.50
are shown in Fig. 4A. These spectra, ob-
tained with a modified opal glass technique
as described by Kiefer and SooHoo (1982)
and Kishino et al. (1985), represent the total
absorption by particles retained on a GF/F
filter and include living phytoplankton with
both photosynthetic and photoprotective
pigments, fecal material, detrital pigments,
bacteria, small heterotrophic protozoans,
and other detritus. Optical means of sepa-
rating detritus from other absorption in these
spectra are only beginning to become estab-
lished (Morel and Bricaud 1986; Cleveland

Smith et al.

100

Depth (m)
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19.0
tempersturs ( * C)
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18.5

36

salinity (°/00)
1 i . . . J
05 .15 .25 .35 .45 (56

beamC (m-1)
Fig. 3. Chl a. temperature, salinity. and bcam at-
tenuation coefficient at 660 nm for station-cast 19.51,
22 April 1985.

ct al. 1989; Bidigare et al. 1987; Iturriaga
and Siegel 1988). Here, a,(\) is determined
by particles retained on glass-fiber filters
measured with a scanning spectrophotom-
eter. Afier this measurcment, the filter pa-
per was extracted with methanol and the
decolorized filter paper was again measured
to provide the spectral absorption cocffi-
cient of nonphotosynthetic particles, a,.(\)
(Fig. 4B). The absorption coefficient of par-
ticulate material, a,(A), is taken as the sum
of phytoplankton absorption, a,(\), and de-
trital absorption, a,.(\),

a,A) = a,AN) + a,(A). (12)

It has been assumed that absorption of in-
organic particles is negligible. The derived
phytoplankton spectrum is shown in Fig.
4C.
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Total absorption increases as a function
of depth from 5 to 22 m and is correlated
with increases in chlorophyll concentration.
Chlorophyll-specific absorption of the de-
trital component is greatest at 10 m, which
suggests a higher proportion of detritus to
phytoplankton at this depth. Below 35 m,
both the chlorophyll concentration and a,(A)
decrease with depth, suggesting that the
concentration of nonphytoplankton-ab-
sorbing particles may be correlated with
phytoplankton pigments. There is no indi-
cation of phycoerythrin in the spectra, which
would appear as a peak or shoulder near
550 nm (Fig. 4A). The cyanobacteria at this
station may have phycourobilin rather than
phycoerythrin as their primary accessory
pigment. Wavelength-averaged particle ab-
sorption is maximal at 22 m—a depth shal-
lower than the chlorophyll maximum itself.
This maximum corresponds with that in ze-
axanthin and the cyanobacterial maxima.

Primary production—The rates of pri-
mary production (Fig. 5) are high for an
open-ocean locale, but are not unexpected
during spring in the Sargasso Sea (cf. Menzel
and Ryther 1960). The areal rates average
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for 10, 22, 51, and 75 m at station-cast 19.51 and for
clear water (K,).

about 500 mg C m ? d '. Carbon assimi-
lation averaged over all three experiments
(20, 22, and 24 April) appears roughly con-
stant through the upper 20 m and declines
cxponentially below that. The maximum on
this profile at 22 m corresponds to the depth
of maximum particle absorption shown in
Fig. 4. Cyanobacteria and small eucaryotes
(< 1-um diam) are responsible for about 60%
of the total primary production at this sta-
tion (Iturriaga and Marra 1988).
Photosynthesis as a function of irradiance,
P-1—The maximal photosynthetic rate nor-
malized to chlorophyll concentration for
station 19 averages 2.3 mg C (mg Chl a) !
h ' and did not change with depth in the
upper 100 m. The initial slope of the P-J
curve (a)—an indication of the efliciency of
photon capture at low irradiances—in-
creases with depth from 0.01 mg C (mg Chl
a) ' h ' (umoles photons m2s ') ! at the
surface to 0.025 at depth. The irradiance at
which photosynthesis becomes light satu-
rated, /., is another indication of photon
capture efficiency at low irradiance. The ra-
tio of light-saturated photosynthesis to a de-
creased with depth from a maximum > 300
umoles photons m~%s ! at the surface to 50
at 100 m, indicating that deeper living phy-

Srmith et al.
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Fig. 7. Diffuse attenuation cocfficients (station-cast

19.51) for the wavelengths (nm) shown after subtrac-
tion of the attenuation coefficient of pure scawater,
KA\ - K. (A). Also shown is the chlorophyll profile
for this cast.

toplankton require less light to attain max-
imal rates of photosynthesis.

The quantum yield of photosynthesis is
a more useful parameter in the context of a
photon budget because it indicates the
amount of photosynthetic carbon that is
fixed relative to the photons absorbed. The
maximum quantum yield is calculated with
a from P-I measurements and particle ab-
sorption coefficients (Fig. 4). For station 19,
the spectrally averaged maximal quantum
yiclds based on only the phytoplankton
component of absorption range from 0.041
to 0.075 moles C (moles photons ab-
sorbed) '.

Bio-optical properties—The bio-optical
data are summarized in Figs. 6, 7, and 8.
Figure 6 shows the wavelength dependence
of diffuse attenuation for downwelling ir-
radiance, K/ \), at selected depths. These
have been used for subsequent calculations
of Kpar. For wavelengths <580 nm, there
is a depth dependence of K(\), with K (\)
first increasing with depth until the depth
of the particle and pigment maxima, and
then declining with depth. The influence of
total particle absorption on diffuse atten-
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uation can be appreciated by comparing thc
relative changes with depth of particle ab-
sorption (Fig. 4A) and the total attenuation
coeflicient (Fig. 6). Consistent with the dis-
cussion leading to Eq. 10-12, the spectral
shape of the diffuse attenuation coefficient
is strongly influenced by the spectral shape
of absorption from water, phytoplankton,
detritus, and dissolved organic material. The
strong increases in attenuation at ~500 and
590 nm coupled with increasing absorption
in the blue (DOM), and phytoplankton and
their by-products, produces a wavelength of
maximum penetration between 480 and 490
nm.

Figure 7 shows thc attenuation coefhi-
cients for five wavelengths of underwater
light after removal f the attenuation coef-
ficient for water. We use K, (z, A) for clear
natural waters as given by Smith and Baker
(1981) and have estimated and accounted
for change in the average cosine with depth.
Figure 7 also shows the chlorophyll distri-
bution as a function of depth as deicrmined
with the BOPS in situ fluorometer normal-
ized with discrete chlorophyll samples. In
addition to attenuation by water, which is
largely a component converted to heat, Fig.
7 illustrates that chlorophyll and other phy-
toplankton pigments determine, in large de-
gree, the distribution of the remaining light
in the euphotic zone. Thus, most wave-
lengths in the visible region are affected by
chlorophyll pigments and by the pigments
which covary with chlorophyll. This point
has been made previously by Smith and
Baker (1978) and more recently by Siegel
and Dickey (1987). The chlorophyll maxi-
mum is slightly deeper than the absorption
maximum (note peaks in the K, — K, pro-
files). The attenuation maximum corre-
sponds with the particle attenuation maxi-
mum (Fig. 4A) and with the subsurface
production maximum (Fig. 5).

In order to partition attenuation into
components beyond the removal of that
from water, we consider the measurements
of particles and pigments. In analogy with
Eq. 12, the attenuation by particles, K,(z),
can be attributed to that from phytoplank-
ton, K,(z), plus that from detritus, K,(z):

K (2) = K,(2) + Ku(2). (13)
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Fig. 8. Comparison of diffuse attenuation cocffi-
cients for pure seawater (K, ). phytoplankton (X,,). de-
tritus (K, ). and the total particle attenuation (K,) with
the total diffuse attenuation coefficient for PAR (K, ).
The attenuation caused by the sum of detrital matenal
and dissolved organic material is approximated by the
difference between K., and the sum of K, and K|..

Following Eq. 8, the attenuation of partic-
ulate matter can be approximated by

K, (2) = a,'(z)/BA=) + bag,*(2) (14a)

where @, is the average cosine for down-
welling irradiance, a,’ the absorption of par-
ticulate matter weighted by spectral irradi-
ance at each depth, and b,,,* the diffuse
backscattering coefficient for downwelling
irradiance from particles. Using cur direct
observations of spectral reflectance, R(z, A).
and the results of a Monte Carlo simulation
(Kirk 1981), we estimate that b/a = 3. i,
= (0.8,and b,4,* = 0.1 x g, for these waters.
Thus,

K(z) =~ 1.35 x a,/(z)  (14b)

where

fafz. A) x EfLz, MDA dA
[ EAz. M\ dA

is the spectrally weighted particle absorp-

tion coefficient. In an analogous manner, if

we know a,(z, A) and a,(z. A), we can es-

timate K, (z, A) and K, (z, M) with (he above
equations. Table 1 summarizes the spec-

a,(z) = (15)
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Table 1. Biowatt ’85 station-casts 19.50-19.51.
Absorption with = (m}) and &' (m ).
H a,’ ay a4, au-a,  dg'la
s 0.0149 0.0090 0.0059 0.60 0.40
10 0.02:7 0.0121 0.0116 0.51 0.44
22 0.0400 0.0238 0.0163 0.60 0.38
35 0.0281 0.0178 0.0103 0.63 0.3«
51 0.0203 0.0135 0.0068 0.66 .35
75 0.0144 00081 0.0063 0.56 0.47

trally weighted absorption coefficients and
Table 2 the diffuse attenuation coefficients.

Figure 8 shows the result of partitioning
the attenuation of PAR, Kp,r(2), into sev-
eral of its components. The (broadband)
variability of K,, for PAR varies with depth,
because as solar radiation penetrates to
depth, those wavelengths where water ab-
sorbs most strongly (far blue and red) are
rapidly reduced in their contribution to at-
tenuation, whereas the wavelengths ab-
sorbed less strongly penetrate to greater
depths. In addition, i, varies slightly with
depth. As a consequence. K, (PAR) is rela-
tively large near the surface and then ap-
proaches the value for the attenuation of the
wavelength of maximum penetration, K,
(450 nm) = 0.017 m !, with increasing depth
(Smith and Baker 1986). The effect on
Kpar(2) is evident. The attenuation by de-
tritus, K, and that by phytoplankton, K,
increase to maxima at ~22 m--ihe particle
attenuation maximum (Fig. 4A, B) as well
as the production maximum (see Fig. 5). At
this depth, attenuation by other constitu-
ents is relatively small compared to shal-
lower or deeper. The difference between
Kpar and the sum of X, and K, represents
the attenuation of dissolved plus detrital

Smith et al.
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Fig. 9. The depta distribution of total stimulable
bioluminescence (photons m ‘) measured with the
bathyphotometer.

material in the water column. Ky, g de-
creases quickly near the surface, but as-
sumes a nearly constant value over the depth
range occupied by the chlorophyll maxi-
mum. Hewever, maxirmum particle absorp-
tion, a,’, occurs at the top portion of the
chlorophyll maximum. Kp, approaches K.
the attenuation of PAR for pure water by
200 m, which is roughly twice the depth of
the euphotic zone. This partitioning of the
attenuation of PAR provides a first-order
assessment of the relative contribution to
the attenuation of radiant energy by phy-
toplankton and its degradation products.
Bioluminescence propertics — For the night
MOCNESS tows (21 April, the depth of the
50% level of cumulative water-column bio-
mass (displacement volume) was 43 m. For

Table 2. Biovatt "85 station-casts 19.50-19.51. Attenuation with z (m) and K, (m"').
Ke K K K K K K

: K K K, Ky Ka K, Kew Kui Ka Kon K Kem Ko Kean
S 0.098 0.074 0.020 0.012 0.008 0.004 0012 0.67 0.76 0.20 0.12 0.08 0.04 0.12
10 0.086 0.045 0.032 <016 0.016 0.009 0.025 1.00 0.52 037 0.19 0.19 0.10 0.29
22 0.083 0.030 0.054 0.032 0.022 -0.001 0.021 069 0.36 0.65 0.39 0.27 -0.01 0.25
35 0.073 0.026 0.038 0.024 0.014 0.009 0.023 0.58 0.35 0.52 0.33 0.19 0.12 0.31
51 0.057 0.023 0.227 0.018 0.009 0.007 0.016 0.50 0.40 047 0.32 0.16 0.12 0.28
75 0.046 0.021 0.019 0.010 0.009 0.006 0.0t5 090 046 041 0.22 0.20 0.13 0.33




Upper ocean photon budyet

1685

BIOLUMINESCENT SIGNAL ANALYSIS
STATION 19 — BP CAST 06 — 20 APR 85
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Fig. 10. Distnbution of bioluminescent flash intensity as a function of depth.

the day MOCNESS tow (22 Apnil). this
depth was 93 m. This difference suggests
considerable vertical migration of zoo-
plankton biomass within the upper 800 m.
The total cumulative water-column bio-
mass for the upper 800 m is 36% greater for
the night than for the day tows, suggesting
net avoidance during day tows.

The profile of bioluminescence potential
for station 19 is shown in Fig. 9. Biolu-
mincscence potential—the total amount of
stimulable bioluminescence per unit vol-
ume —has been caiculated as 10 times the
bioluminescence light measured by the
bathyphotometer because only about a tenth
of the light of the bioluminescence potential
of the dinoflagellate P. noctiluca is detected

when 1t passes through our bathyphotome-
ter (Swift et al. 1985). Here we have as-
sumed that other organisms behave simi-
farly. In agreement with this assumption,
Pleuromamma species have recently been
shown to relcase about 15% of their biolu-
minescence potential when passing through
the bathyphotometer (H. Batchelder pers.
comm.).

The bserved flashes were separated into
three cneigy categories (< 8. §-20. and > 20
x 10* photons per flash) in order to deter-
minc their biological source. Figure 10 shows
the results of this analysis as a function of
depth in the profile of bioluminescence po-
tential shown in Fig. 9. The biolumines-
cence in the peak between 40 and 80 m was




General —Figure 11 describes the scheme
used to summarize the bio-optical data im
a photon budget, with irradiance at each
depth attenuated by various absorption and
scattering avenues and increased slightly by
fluorescence and bioluminescence. Accord-
ing to Duntley (1963). the net absorption of
radiant energy, Q (expressed as quanta), in
any elemeunt of volume dV in any horizontal
lamina of thickness dz at depth z can be
approximated by

dQ - __quPAR
dv dz

where dQ/d} is the number of photosyn-
thetically available quanta absorbed per unit
volume and Epap is the quantum irradi-
ance for PAR. By definition the total diffuse
attenuation coefficient for PAR is given by

. (16)

1686 Smith et al.
Irradiance
(PAR)
fluorescence K phyto K detrital K other K water
phyte '] 1 3 3
PSR
K |
bioluminescence Higher Trophic —1
Levels
Fig. 11.  Schematic of the photon budget.
produced primarily by large organisms pro- , 1 dE par 4
ducing flashes of >20 x 10° photons. Out- Kapar = Epar x d: (a7
side this depth range, no group showed a bl
marked dominance in the production of SO the absorbed quantum flux per volume
stimulated bioluminescence. 1S 40
Discussion ar Epar X Kgpar- (18)

For this open-ocean station, the ratio of
scattering to absorption is relatively small.
so the total attenuation cocfficient can be
approximately partitioned into a sct of par-
tial attenuation cocfficients as described
carlier. The complete photon budget for
PAR, including source terms, can be written

E par(2)

Vd
= Epar(0 )cxo{—J; Kgpar(2) X% d:]

+ FI(z) + Bl(2) (19)

where FI(z) and BI(Z) are the fluorescence
and bioluminescence, respectively, at depth
z. In this discussion we assume that pro-
cesses of transpectral scattering (Preisen-
dorfer and Mobley 1988; Marshall and
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Smith 1990), e.g. Raman and Brillouin, are
negligible and treat fluorescence and bio-
luminescence as source terms in their re-
spective wavelength bands. Then,

db—(;;ﬁ = ~Epar(2)K,(2)
- EqPAR(Z)K,.(Z)
= Egpar(2)K(2)
dFl  dBlI
dz | dz’ (20)

As noted above, we have carried out all the
computations for broadband PAR as a func-
tion of wavelength so that all spectral vari-
ability, possible nonlinearities, and sensi-
tivity have been retained and accounted for.
Values of Kz, A\) are determined from the
BOPS data, and Epag and K pag are then
computed from these as described in the
methods section. The data for the photon
budget are plotted on a log-linear scale in
Fig. 12. The total daily photosynthetically
available radiant energy, E par. incident
above the surface and integrated over the
daylight period (22 April 1985) during this
study equals 53.3 moles photons m °d .

Note that this computation of daily
Epar(c) does not explicitly include vertical
mixing, horizontal variations, organism
motility, or sinking. A further qualification
regarding the photon budget as presented
here includes the knowledge that h/a = 3
throughout most of the water column, ex-
cept in the particle maximum where this
ratio increases to ~5. The increased scat-
tering at the depth of the particle maxima
decreases the accuracy of computations
based on partitioning of the attenuation
coefficient, especially when computing the
difference between nearly equal compo-
nents. It is apparent in the estimate of the
dissolved organic material component, K.,
at 22 m where the derived value is smaller
than the estimated error in the K-values,
which is roughly +0.005 m '.

Attenuation of PAR —The product of the
quantities Epae(2) and K pan (Eq. 18) pro-
vides an estimate of the daily total quanta
absorbed per unit volume as a function of
depth. This estimate includes attenuation
of PAR by all dissolved and suspended con-
stituents as is summarized in Table 3. The
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tons lost to total particle absorption (Qpan * K. —P);
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various components. total photons {Qpan * Apn—
solid linc); photons lost to absorption of phytoplankton
(Qvax * K. —p). photosynthetically stored radiation
(PSR —8); fluorescence (F); bioluminescence (B).

percentage contribution by each component
is summarized in Table 2. The attcnuation
caused by viable phytoplankton, K,/ Kean.
is relatively high for open-occan waters (e.g.
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Table 3. Biowatt "85 station-casts 19.50-19.51 with = (m). Qpar (moles photons m 3 d'"), OxK, (moles

photons m 'd '), and PSR (moles photons m *d ').

z Uran Q* Kpan QAL OxA, Q= Ay OxKe =K, QOxKa., PSR
0 53.290
5 25.679 2517 1.900 0.514 0.308 0.205 0.103 0.308 0.0140
10 16.161 1.390 0.727 0.517 0.259 0.259 0.145 0.404 0.0129
22 6.628 0.550 0.199 0.358 0.212 0.146 -0.007 0.139 0.0153
35 2.488 0.182 0.065 0.095 0.060 0.035 0.022 0.057 0.0099
51 0.743 0.042 0.017 0.020 0.013 0.007 0.005 0.012 0.0021

75 0.176 0.008 0.004 0.003

0.002 0.002 0.001 0.003 0.0003

Kirk 1983, table 10.2) and suggests an in-
creased effectiveness in the utilization of ra-
diant energy during postbloom conditions.
At depths below the major contribution of
phytoplankton (i.e. below the depth of the
chlorophyll maximum), total attenuation
approaches that caused by water alone.

Attenuation by particulates is estimated
by multiplying E par(2) by K,(2), where K,(2)
was derived from directly measured partic-
ulate absorption spectra as described above
(Fig. 4A). Maximum absorption occurred
at 22 m, above the chlorophyll maximum,
and within the surface production maxi-
mum. In general, the attenuation by parti-
cles shows broad maxima at middepths in
the euphotic zone, consistent with the dis-
tribution of chlorophyll.

In contrast, the depth distribution of the
total beam attenuation coefficient (Fig. 3) at
660 nm, (660 nm), shows a gradual in-
crease from below the euphotic zone to the
surface. Since particle absorption at 660 nm
is relatively small, this variation in (660
nm) is primarily caused by particle scatter-
ing and thus is a proxy measure of particle
volume concentration if particle size distri-
bution and index of refraction remain rel-
atively constant (Jerlov 1976). For the data
considered here, ¢(660 nm) and total par-
ticle volume computed as the sum of all
particle volumes with spherical diameters
of 2-25 um are highly correlated. Thus,
(660 nm) is an independent optical indi-
cator of particle number volume. The de-
crease in particle volume, as inferred from
beam transmittance and Coulter counter
data, and the increase in particle absorption
with depth provide strong evidence that ab-
sorption per cell volume is increasing with
depth. That is, these data are consistent with

the hypothesis of near-surface photoadap-
tation and an increase in pigment concen-
tration per cell volume with increasing
depth. Both processes serve to optimize the
utilization of radiant energy by phytoplank-
ton.

That fraction of radiant energy absorbed
by the phytoplankton. or PUR (Morel 1978).
can be estimated by E par(z) X K,(2). Ab-
sorption by particulate detrital material is
determined by the difference between the
total and phytoplankton absorption. The
depth variability of these quantities shows
that it is attenuation by biogeneous material
that provides the optical variability in these
waters.

Knowledge of the absorption from total
particulatc material allows the dissolved
component to be estimated by the differ-
ence,

K(2) = Keear(2) — [K(2) + K (2)). Q2D

In this application, K, is most likely dis-
solved organic matter because the method
of determining phytoplankton absorption
(Figs. 4, 8) will include other particulate
components. As mentioned above, the ap-
parent minimum in the attenuation by DOM
at the same depth of the attenuation max-
imum for phytoplankton (22 m) may be be-
cause of the rclatively greater particulate
material at this depth and/or a consequence
of the decreased accuracy of the partitioning
of the attenuation coefficicnt at the depth
of maximum b/a ratio. Clearly, more work
is required to estimate K, independently and
with increased accuracy.

The spectrally weighted absorption, de-
termined with greater precision than the at-
tenuation coefficient, shows that the relative
absorption of the phytoplankton compo-
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Table 4. Biowatt '85 station-cast 19.50. Pigments with z (m) and concentrations (ng/liter ') of chlorophyllide
a, chlorophyll ¢, peridinin, fucoxanthin, 19'-hexanoyloxyfucoxanthin, prasinoxanthin, diadinoxanthin, zeaxan-

thin, chlorophyll b, chlorophyll a, and carotene.

H Chl-ide a Chi v Per, Fucox. H-fucox. Pras. Diad. Zea. Chl b Chia Carot
S 0 26 0 19 71 0 22 30 29 189 0
10 1l 38 7 45 71 8 4] 35 64 217 0
22 0 46 8 74 105 29 8 50 139 421 7
35 0 97 0 86 129 27 i8 [3 171 462 5
51 39 37 0 74 95 10 4] 12 67 317 0
75 10 27 0 80 90 5 35 0 63 237 0

nent to the total particle absorption is nearly
uniform throughout the euphotic zone (Ta-
ble 1). This is true even though the phyto-
plankton assemblages and corresponding
pigment concentrations suggest a layered
distribution with depth (Bidigare et al. 1989).
Bidigare et al. (1989) showed that the cy-
anobacteria, dinoflagellates, golden-brown
algae (diatoms and/or chrysophytes), and
green algae (inciuding the prasinophytes)
occur at increasingly greater depths in layers
with the phytoplankton composition shift-
ing from a golden-brown-dominated commu-
nity at 5 m to a green-dominated community
at 44 m. Table 4 gives the concentrations
(in ng) of the pigment concentrations ob-
served at station 19.50 which are represen-
tative of the pigment distribution for this
photon budget. Coccoid cyanobacteria
(Iturriaga and Marra 1988) and the relative
concentration of zeaxanthin (plus lutein) to
Chl a have their highest concentrations in
the upper 20-30 m. Prasinoxanthin, a pig-
ment marker for cyanobacteria, shows both
a maximum concentration and a maximum
relative 1o Chl a, which is an indicator of
the relative importance with respect to total
pigment biomass, at the depth of the ab-
sorption maximum of 22 m. These pigment
data indicate that prasinophytes and cyano-
bacteria are major contributors within the
absorption maximum. Fucoxanthin, 19'-
hexanoyloxyfucoxanthin, and Chl b ali show
a maximum corresponding to the Chl a
maximum at 35 m, indicating that prym-
nesiophytes and Chl b-containing algae are
major contributors at the depth of the Chl
a maximum. This layering of phytoplank-
ton assemblages is consistent with the hy-
pothesis that organisms with pigment com-
position most nearly matched to the spectral

irradiance at a given depth will have a per-
formance edge and will become dominant
at that depth. These combined optical and
pigment data suggest phytoplankton assem-
blages arranged as a function of depth in a
way that is remarkably effective in main-
taining a relatively uniform absorption of
photons throughout the euphotic zone.

Photosynthetically stored radiation
(PSR)~— A fraction of the photons absorbed
by phytoplankton effect the photosynthetic
conversion of carbon. This fraction is pho-
tosynthetically stored radiation (PSR) which
is the irradiance equivalent of carbon assim-
ilation, The minimum number of photons
required to produce PSR can be computed
from the minimal quantum requirement of
10 moles of photons needed to reduce 1
mole of carbon (Kok 1960). For 22 Apnil
(station-cast 19.50), PSR was determined
from 12-h in situ carbon assimilation mea-
surements to be 0.0610 moles of reduced C
m 2, equivalent to 0.61 moles photons m -,
This value is an underestimate of the pho-
ton-to-carbon conversion to the extent that
the '*C method for measuring primary pro-
duction cannot account for autotrophic res-
piration. PSR averaged 1.2% of the total
PAR quanta available on 22 April—a value
indicative of a relatively effective utilization
of energy for oceanic waters.

There is a slight maximum in PSR values
(Table 3) at 22 m which coincides with a
maximum in absorption. However, the PSR
maximum may not be significant. At depths
> 30 m the quantum yield of photosynthesis
approached maximal values. This trend is
also evident in the slope of the PSR profile
in Fig. 13. The consistency of the PSR re-
sults (i.e. comparison of the carbon assim-
ilation derived componcent 1o the directly
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or produced. for various components, as a function of
depth.

determined irradiance component) is an in-
dication of close, but not exact, closure of
the photon budget.

Fluorescence— An additional and smaller
fraction of photons absorbed by phyto-
plankton are not channeled into photosyn-
thesis but rather are re-emitted as red flu-
orescent photons. Although the upwelled
fluorescence signal in the ocean is small,
that caused by chlorophyll at 683 nm is de-
tectable (Topliss 1985) and has been inter-
preted in terms of photosynthesis (Topliss
and Platt 1986: Kiefer et al. 1989). The
quantitative relationship among absorp-
tion, photosynthesis, and fluorescence is
presently controversial ¢ven in laboratory
studies and merits furiner study. Although
we have determined the natural fluores-
cence at 683 nm, we do not have full spectral
information. We have assumed that fluo-
rescence is a constant 3% of absorbed pho-
tons (Latimer ¢t al. 1956; Falkowski and
Kicfer 1985) and ignore possible influences
of inelastic scattering (Marshall and Smith
1990) on algal photobiology.

Bioluminescence —Because we do not
have measurements of herbivore grazing or
carnivorous activity, we cannot estimate the
amount of PSR energy passed to zooplank-
ton. Similarly, we cannot ecstimate the
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amount of fixed carbon passing to micro-
heterotrophs such as bacteria. Thus, we lack
the data to establish mechanistic linkages
between optical and bioluminescence varn-
ability. However, phytoplankton biomass
(measured as Chl a) did not change appre-
ciably for the 2-d period before 22 April,
the day chosen to construct the photon bud-
get. Therefore, if production and consump-
tion are in rough balance, sinking and mix-
ing taken to be small, and assuming a 50%
assimilation efficiency, we can estimate a
transfer of 50% of the PSR.

From the zooplankton distribution data
(E. Swifl pers. comm.) and from our knowl-
edge of the distnbution and intensities of
bioluminescence, the amount of biolumi-
nescent light produced for the budget is cal-
culated. As described above, this calcula-
tion assumes that the biological efficiency
of the bathyphotometer is 10%. Biolu-
minescence potential is analogous to a
standing crop measurement, but unlike the
other irradiances reported, it is not a flux.
In order to make it comparable to the ir-
radiances. we need to know the natural rates
of bioluminescence, or we must estimate the
rate at which organisms recover their bio-
luminescence potential after a flash. In the
absence of knowledge of natural rates of bio-
luminescence, we estimate here that the re-
covery rate of bioluminescence potential is
~ 1 d to allow us to express bioluminescence
as a photo flux. Mcasurements of the inten-
sity of natural bioluminescence and mea-
surements of recovery rates are necessary to
refine future studies in this regard.

Features of vertical structure in the epi-
pclagic community of bioluminescent or-
ganisms can be revealed by measuring the
bioluminescence potential. The marked
peak (nocturnal) in stimulated biolumines-
cence (Fig. 9) is about 20 m deeper than the
depth of the subsurface chlorophyll maxi-
mum (Fig. 3). Signal analysis with data from
Swift et al. (1985) for the amount of lig.ut
produced by zooplankton suggests that the
organisms producing most of the biolu-
minescence in the peak are copepods, lar-
vaceans, and ostracods. Swift et al. (1985)
previously reported high numbers of ostra-
cods and larvaceans associated with sub-
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surface peaks of stimulated biolumines-
cence in the northern Sargasso Sea in August.
The samples for the data shown in Figs. 9
and 10 also contain high numbers of lar-
vaceans and ostracods and small numbers
of bioluminescent copepods. The formation
of sharp subsurface peaks in stimulable bio-
luminescence by larvaceans and ostracods
may bx a general phenomenon in the north-
crn part of the Sargasso Sea. For example,
Ortner et al. (1980) reported a population
maximum at 75-100 m in this region for
larvaceans from MOCNESS samples taken
in November and May. It may also indicate
a preferential layering of zooplankton in re-
sponse to the observed layering of phyto-
plankton. If so, there is the possibility that
there are mechanistic and predictable link-
ages between these physical, chemical, and
optical distributions and the biolumines-
cence. We were unable to establish such a
linkage with the data reported here, presum-
ably because of the complex trophic struc-
ture linking phytoplankton and biolumi-
nescent zooplankton.

Photon budget —Because the log-linear
scale (Fig. 12) obscures some of the finc-
scale relationships of the budget, we have
recast these data in Fig. 13 as the percentage
of available quanta absorbed or produced
at a particular depth. The range in photon
flux within the budget spans about 10 ordcrs
of magnitude (Fig. 13). Most of the absorp-
tion of quanta is by water. Particulate ma-
terial of biological origin is responsible for
the remaining attenuation and the optical
variability. Phytoplankton assemblages with
varying pigment concentrations and growth
rates (Table 4; Bidigare et al. 1989) arc ar-
ranged as a function of depth in a way that
is remarkably effective in maintaining a rel-
atively uniform absorption of photons
throughout the euphotic zone. Fluorescence
and bioluminescence as sources of radiant
energy are considerably smaller than pho-
ton sinks.

The photon budget as presented is pre-
liminary. In part, this is because the source
terms of bioluminescence and fluorescence
have not previously been studied from a
total energy budget perspective. Consec-
quently, we have only rudimentary knowl-
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cdge of the light production terms in con-
trast to the attenuation terms. This
preliminary budget helps to identify and de-
scribe the biological absorbers, scatterers and
producers of light within a defined physical,
chemical, and optical environment. We have
not dealt with the problem of radiative
transfer of fluorescence or bioluminescence
to parameterize the amount of light from
these sources which might exit the ocean’s
surface. Our results show that the inclusion
of grazing losses or other energy transfers to
secondary producers is essential for full clo-
surc of the budget. In spite of the limitations
of the data presented here, we argue that the
photon budget will be an extremely useful
construct for the study of oceanic optics and
biology. It will be an important tool for the
study of ocean ecosystems and particularly
uscful for investigating the possibility of
mechanistic and predictable linkages be-
tween the attenuation (phytoplankton) and
production (bioluminescence) terms. An ac-
curate photon budget is a first step toward
the prediction of production, biological be-
havior, and trophic structure from optical
variables that are more casily and rapidly
measured.
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